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Hot blast cupolaAbstract A production of pig iron has been conducted from crushing plant waste. The process of
preparing pig iron was using hot blast cupola (HBC) furnace which was injected with charcoal pow-
der to improve temperature process and reduction zone in the furnace. The process was started by
washing process and magnetic separation of raw material as an effort to improve iron content
degree from crushing plant waste. The next process was preparing the composite pellet with the par-
ticle size of 80 + 100 mesh and with the composition of 80% iron ore, 15% wood charcoal, and
5% bentonite. The result of pellet size was 2.5–4.0 mm. The experiment was continued to reduce
pellet composite in the HBC furnace. The pig iron produced from this process contained of
93.62%Fe, 3.5%C, 1.55%Si, 0.87%Mn, 0.05%P, and 0.087%S.With this result, the pig iron pro-
duced already fulfill the metallurgical specification to be used in smelting industry.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Crushing plant is one of important processing units in mining
industry. Process sequences in mineral mine processing are
started with crushing plant unit, to reduce bigger mineral size
into desired size to use in the next processing. In the iron ore
mining industry, fine iron ore waste is produced within 30%
of total feeds in crushing plant unit. This is called as a waste
because it cannot be used directly for smelting process into
metal. With low iron content degree (Fe < 56%), Fe content
degree improvement process is required for this iron ore waste
to be able to use as feed material in smelting process into pigiron. Pig iron is a solid form of hot metal, obtained from iron
ore or scrap recycling, and it is processed with blast furnace or
electric arc furnace. Pig iron is used as a raw material for iron
steel making and most of this material was imported. The pig
iron (from scrap) availability is limited so that iron steel pro-
ducers and foundry industries are not able to produce maxi-
mally. Imported scrap procurements often face problems
because not all scraps have been separated from stuffs belong-
ing to hazardous and toxic material waste. In the earlier 1970s
and 1980s, in India occurred a massive growth of electric arc
furnace (EAF) and induction furnace (IF) based steel making
units, respectively. India is the only country in the world using
induction furnaces on a large scale for production of steels.
This had created a growing demand for steel scrap, as a result
of which the scrap was in short supply. Moreover, significant
improvements in steel plant yield, rolling technology and
continuous casting processes have decreased the amount of
in-plant generation of scrap. This ultimately has resulted intoEng. J.
2 K. Isnugroho, D.C. Birawidhathe shortage of scrap supply throughout the world and its fluc-
tuating prices [1]. Fine iron ore smelting process in cupola fur-
nace can be considered to be similar with the process in blast
furnace with a little difference on kinetic reaction. In the blast
furnace, iron ore or iron oxide is reduced by carbon dioxide
(CO) formed as a result of carbon change in reduction environ-
ment [2]. Cupola furnace modification is made by adding hot
air (500–700 C) coming from burning process, and it is
referred to as hot blast cupola. This hot air addition reduces
coke consumption and it is able to improve reduction zone [3].
The use of wood charcoal in cupola furnace is recom-
mended for a cupola capacity of 3 tons per day, and it is not
recommended for bigger size of cupola. Wood charcoals will
be easily broken as they are struck down by other raw materi-
als because of low hardness and toughness of wood charcoal.
The used wood charcoal will be more reactive compared with
the use of coke, and the burning result will produce bigger
amount of burning temperature easily decreases [4]. Previous
researches were mainly conducted on iron ore smelting, how-
ever only a few researches conducted on wood charcoal injec-
tion to cupola furnace. Therefore this research conducted pig
iron production by using hot blast cupola which was injected
with wood charcoal powder in order to improve reduction
zone in cupola furnace.
2. Methods
2.1. Material and equipment
Materials to use were iron ore waste and wood charcoal pow-
der as they are shown in Fig. 1. The iron ore waste came from
crushing plant located in Tanjung Bintang sub district of
South Lampung district, in Lampung province. Wood char-
coal powder was obtained from side product of charcoal siev-
ing in wood charcoal industry located in Natar sub district of
South Lampung district, in Lampung province. Bentonite was
used as binder and coke was used as reducer and energy during
the process. Lime stone (CaCO3), steel scrap, castable, refrac-
tory brick, refractory cement and molded sand were used as
supported materials in this research.
Equipments used in this experiment were iron ore washing
machine, magnetic separator, pelletizer, mixer, hot blast
cupola (HBC), blower, pouring ladle, thermocouple, hammer
mill, and vibrating screen. AAS (Atomic AbsorptionFigure 1 (a) Iron ore powder from crushing plant was
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metric bomb, and oven were used for analyzing process.
2.2. Research procedure
The first procedure was iron ore waste raw material and wood
charcoal powder preparations. Fe content in crushing plant
waste was improved with washing and magnetic separation
processes. Washing process was conducted using a modified
sand washing machine. Its working principle was separating
impurity materials with centrifugal force while water pressure
force would make dirty ores to dissolve into sludge and pulp.
Gravitation and decantation processes were subsequently con-
ducted to separate both of them. Materials had been removed
from their impurities were passed into magnetic separator to
improve Fe degree into iron ore waste material. Charcoal
waste preparation process was started by washing it by using
rotary screen washer, where pressurized water was blown into
charcoal waste to remove impurities in the material. This pro-
cess produced wood charcoal material with size <25 mm free
from soil impurities. To be able to use in this experiment, the
wood charcoal waste should be milled by using hammer mill
and disk mill and this process produced wood charcoal powder
of 40 + 60 mesh size which was to be injected in the hot blast
cupola furnace.
The second procedure prepared composite pellet as shown
in Fig. 2. The palletizing process is one of the most important
steps to furnish agglomerates of high quality with additional
benefits of recycling the ultra fines within the steelmaking
industry [5]. Composite pellet was made from raw material
particle size of 8 + 100 mesh with composition of 80% of
iron ore, 15% wood charcoal, and 5% bentonite. Resulted pel-
let size was 2.5–4.0 mm and this is called as green pellet. This
green pellet was let aside in the open air for 3  24 h and then
dried in oven with temperature of 110–120 C. The third pro-
cedure was reducing composite pellet in the hot blast cupola
(HBC) furnace (Fig. 3). Reduction stage was started by
furnace initial heating with 150 kg coke. Then, 150 kg scrap,
50 kg coke, and 15 kg lime were entered into the furnace.
When furnace condition had been stable, the use of
scrap was reduced by 10%, 20%, 30%, and 40% until 0%
of feed weight. At the same time, injection of wood charcoal
powder into HBC furnace was conducted with screw feeder
system.te and (b) charcoal powder from screening leftover.
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Figure 2 (a) The mixing process of composite pellet, (b) composite pellet production, and (c) the finished composite pellet.
Figure 3 (a) Technical drawing of Hot Blast Cupola with
charcoal injection unit and (b) Hot Blast Cupola.
Table 1 Result of iron ore analysis.
Parameter Analysis result
SiO2 9.95
Fe total 54.99
CaO 2.85
MgO 0.85
Al2O3 1.71
TiO2 0.93
Table 2 Results of wood charcoal and coke analyses.
Parameter Value
Wood Charcoal Coke
Moisture total (%) 1.57 0.67
Volatile matter (%) 18.9 2.88
Ash (%) 2.53 15.41
Fixed carbon (%) 78.45 81.04
Calorie (cal/g) 7.319 8.037
Table 3 Result of iron ore analysis (beneficiation process).
Parameter Analysis result of
washing process (%)
Analysis result of magnetic
separation process (%)
SiO2 5.74 3.4
Fe total 58.09 60.57
CaO 1.28 0.41
MgO 0.49 0.23
Al2O3 1.02 1.00
TiO2 0.63 0.45
The production of pig iron from crushing plant waste 33. Result and discussion
The analysis of iron ore waste raw material is presented in
Table 1 and analysis results of wood charcoal powder and coke
are presented in Table 2. From Table 1, the Fe total from fine
iron ore was below 56%, and it indicated that it must be
through a beneficiation process first to improve the Fe content.
If it forced to be melted in furnace, it will disturb the reduction
process because most of energy was used only to produce slag.
From Table 2, it was shown that carbon content in charcoalPlease cite this article in press as: K. Isnugroho, D.C. Birawidha, The production of
(2016), http://dx.doi.org/10.1016/j.aej.2016.11.004from screening leftover was not too far with coke. Supported
with 7.300 cal/g of caloric value, the charcoal can be used
for raw material in fuel injection as alternative fuel.
Iron ore waste preparation process was conducted with
washing process and then continued with magnetic separation
and it produced result as shown in Table 3. The final product
was Fe total 60.57% and this value had fulfilled minimum Fe
content to use in iron ore reduction process by using blast
furnace.
The following images are SEM photograph results of iron
ore materials that are shown in Fig. 4. The images show that
dominant impurities are silica, calcium, and alumina. As
shown in Fig. 4(b), (d), and (e), they dominate the distribution
at fine iron ore morphology. A low iron content degree in low
raw material (Fe total <56%) requires Fe degree improve-
ment process (beneficiation).
In order to be able to use as feed material in hot blast
cupola (HBC) furnace, pre reduction process should be con-
ducted to iron ore pellet by using horizontal furnace in
1.200 C temperature, and the product was referred to as com-
posite pellet. Composite pellet reduction experiment in HBC
furnace was conducted in gradual steps, starting from reducingpig iron from crushing plant waste using hot blast cupola, Alexandria Eng. J.
Figure 4 SEM picture of iron ore powder.
4 K. Isnugroho, D.C. Birawidhascrap to entering composite pellet from concentration of 10%,
20%, 30% and continued until 100% of pellet in the feed.
Observation result during the process showed that temperature
was able to reach 1.520 C and continued to increase to stable
temperature of 1.670 C. Total of used iron scrap was 420 kg.
Total of used composite pellet was 1.000 kg. Theoretically,
1.000 kg of composite pellet would produce liquid iron of
0.8  1000  0.6 = 480 kg, while iron coming from scrap fee-
der would be 0.96  420 = 403 kg, so that total of obtained
liquid iron would be 883.20 kg. In fact, the obtained total of
iron was 762.87 kg. This obtained amount level of 86.73%
showed that there was a sufficient reduction space in the
HBC furnace. Charcoal powder injection to HBC furnace
causes excessive carbon amount and in heating >1.000 C car-
bon will react with CO which is useful for iron ore reducing
agent. Charcoal powder will react first and furnishes heat
and CO2 which in turn will increase solution loss reaction in
addition to partial or full combustion directly with blast
enriched with oxygen [6].
In the pellet, this reduction is secondary reaction. The main
reaction mechanism is a direct reduction reaction of iron oxidePlease cite this article in press as: K. Isnugroho, D.C. Birawidha, The production of
(2016), http://dx.doi.org/10.1016/j.aej.2016.11.004by carbon. The higher reaction temperature >1.200 C is also
possible so that iron reaction will be faster. Iron ore pellet
reductions in cupola furnace are main reaction of Fe2O3 +
3C? 2FeO + 3CO and secondary reaction of Fe2O3 +
3CO? 2FeO + 3CO2. In the other words, slow physical
diffusion process is accelerated with mechanical process of iron
ore fining, reduction, mixing and pellet making. By these ways,
the pellet of iron ore and mixture can be smelted in hot blast
cupola [2]. According to de Castro et al. [6] and Jopkiewicz
et al. [7], the injection of charcoal into the blast furnace tuyere,
substitutes the coke charged from the top of blast furnace and
furnishes higher amount of hydrogen, which replaces carbon
monoxide as reducing gas in the shaft of the blast furnace.
The hydrogen gas is a better reducing agent if compared with
carbon monoxide and allows savings of energy by decreasing
the amount of direct reduction which can take place in the
lower part of the furnace [6,7]. So the amount of time can be
shortened.
In tapping process of hot metal for the first time, second
time, and so on, the produced liquid iron was liquid enough
and able to flow continuously without additional oxygen atpig iron from crushing plant waste using hot blast cupola, Alexandria Eng. J.
Figure 5 (a) Agglomerate of slag and pellet, (b) hot metal tapping process, and (c) hot metal pouring process.
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Tapping 1530 1560 1550 1568 1651 1610 1620 1630 1620 1635
Charging 1275 1540 1560 1580 1570 1655 1645 1620 1630 1630
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Figure 6 Temperature comparison of each charging and tapping
chart.
Table 4 The result of pig iron analysis composition.
Chemical element Result (% Wt)
Fe 93.62
C 3.50
Si 1.55
Mn 0.87
P 0.05
S 0.087
Table 5 Chemical composition analysis of slag.
Chemical element Result (% Wt)
SiO2 43.00
CaO 28.25
FeO 0.51
MgO 3.16
The production of pig iron from crushing plant waste 5the opening of tapping hole. The tapping process was con-
ducted in heart temperature of 1.406 C and hot blast temper-
ature of 392 C at the end of process, lower cover of HBCFigure 7 (a) Pig Iron microstructure at 500, 4% natal
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(2016), http://dx.doi.org/10.1016/j.aej.2016.11.004furnace was opened and bed coke was found in a considerable
amount. There was also slag clotting together with composite
pellet, as it is shown in Fig. 5. This condition indicated per-
centage amount of loss obtained liquid iron during the process.
The observation during the process showed that high temper-
ature was in fact not able to smelt 100% of total weight of
composite pellet feed. There was no significant temperature
decrease during ongoing process in HBC furnace. Tempera-
tures at charging and tapping were relatively stable, as it is
shown in Fig. 6. This is caused by continuous wood charcoal
injection to HBC furnace in high temperature
(T > 1.200 C). High burning temperature of solid fuel will
improve reaction progress and cause shorter burning time.
Carbon charcoal will react with oxygen at the particle surface
to form carbon monoxide (CO) and carbon dioxide (CO2).
However CO in common is the main product, and in addition,
the carbon surface also reacts with carbon dioxide gas and
water vapor. These process are expressed in the following reac-
tions [8,9].and (b) Pig Iron microstructure at 1000, 4% nital.
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Figure 8 (a) Pig Iron from pellet composite smelting and (b) slag result in smelting process.
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COþ 1=2O2 ! CO2 ð2Þ
Cþ CO2 ! 2CO ð3Þ
The excessive carbon element amount in the HBC furnace
will cause burning process both in low and in high tempera-
ture. In the lower temperature, oxygen will cover carbon sur-
face so that absorption and reaction between carbon and
oxygen will occur. The main product of surface reaction is
CO2 which occurs in 527 C. When temperature continues to
increase, the formed CO gas will be used as reducing agent
of iron ore pellet. Reaction (1) can occur if the temperature
in the carbon surface is around 520–3.700 C. The product
produced was gray pig iron which can be used as raw material
for making steel and alloy steel. This can be seen from the
main alloy forming elements such as C and Si which is the
range of 2.1–4 wt% and 1–3 wt%. The rich content of the
main alloying elements affects the color of pig iron when bro-
ken. According to Table 4, the chemical elements of C and Si
in pig iron meet the standards of gray pig iron.
Based on micro structure analysis, it showed the structure
composed of graphite flakes and matrix which is dominated
with pearlite and a little ferrite (Fig. 7). The appearance of
graphite flakes was due to the low content of silica (1.55%
Si). According to ASM Handbook Volume 15 [10], the com-
position of the carbon equivalence (CE) is fixed, and the
higher the nodular graphite the higher content of Si. The
low content of Silica has not been able to stimulate the
appearance of vermicular graphite especially nodular gra-
phite. Besides influenced by silica content, the appearance
of graphite, pearlite and ferrite was also influenced by the
cooling rate during the process. Very slow cooling tends to
produce very large graphite flakes and Ferrite, moderate
cooling produces Pearlite and somewhat smaller flakes and
very quick cooling produces Ferrite and very fine flakes.
The tendency to produce Pearlite or Ferrite is also affected
by the alloying elements in the cast iron. The shape of the
graphite flakes is also affected by the cooling rate and other
processing [11,12].
On the other hand the produced slag has black color and its
composition analysis has been conducted to find out the ele-
ments in the slag which is shown in Table 5. Fig. 8 shows
the image of pig iron product and slag that are produced.
Basicity value (B) in smelting process into metal is determined
by weight volume of some non-metal oxide compoundPlease cite this article in press as: K. Isnugroho, D.C. Birawidha, The production of
(2016), http://dx.doi.org/10.1016/j.aej.2016.11.004contained in the slag. With Eq. (4), we can calculate the value
of basicity [13].
Basicitys ðBÞ ¼ ðCaOþMgOÞ=SiO2 ð4Þ
For iron smelting, the optimum value of basicity (B) is 0.8–
1.6 where slag will have a good flowing ability. This indicated a
good viscosity and obtained Fe in the metal could be optimal.
Slag viscosity is a transport property that relates to the reac-
tion kinetics and the degree of reduction in the final slag. Slag
viscosity also determines the slag–metal separation efficiency,
and subsequently the metal yield and impurity removal capac-
ity. In operation, the slag viscosity is indicative of the ease with
which slag could be tapped from the furnace, and therefore
relates to the energy requirement and profitability of the pro-
cess [13]. From Table 5 the basicity value (B) is 0.77, and with
this value the slag is still able to flow properly.
4. Conclusions
Crushing plant waste in the form of iron ore powder can be
used as raw material for iron preparing process. With a low
iron content is <56%, the process to increasing of Fe content
needs to be performed by the washing process and the magne-
tization process. Pelletization process needs to be performed
considering the particle size of the raw material is 80
+ 100 mesh with a composition of 80% iron ore, 15% wood
charcoal and 5% of bentonite. By using Hot blast cupola com-
bined with charcoal powder injection, it produced pig iron
with a composition of 93.62% Fe, 3.5% C, 1.55% Si, 0.87%
Mn, 0.05% P, and 0.087% S. This research produces a gray
pig iron that can be used in the manufacture steel.
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